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Background aims. Adipose tissue-derived mesenchymal stromal cells (MSCs) have a higher capacity for proliferation and
differentiation compared with other cell lineages. Although distraction osteogenesis is the most important therapy for treating
bone defects, this treatment is restricted in many situations. The aim of this study was to examine the therapeutic potential of
adipose tissue-derived MSCs and osteoblasts differentiated from adipose tissue-derived MSCs in the treatment of bone
defects. Methods. Bone defects were produced in the tibias of New Zealand rabbits that had previously undergone adipose
tissue extraction. Tibial osteotomy was performed, and a distractor was placed on the right leg of the rabbits. The rabbits
were placed in control (group I), stem cell (group II) and osteoblast-differentiated stem cell (group III) treatment groups.
The rabbits were sacrificed, and the defect area was evaluated by radiologic, biomechanical and histopathologic tests to
examine the therapeutic effects of adipose tissue-derived MSCs. Results. Radiologic analyses revealed that callus density and
the ossification rate increased in group III compared with group I and group II. In biomechanical tests, the highest ossifi-
cation rate was observed in group III. Histopathologic studies showed that the quality of newly formed bone and the number
of cells active in bone formation were significantly higher in group III rabbits compared with group I and group II rabbits.
Conclusions. These data reveal that osteoblasts differentiated from adipose tissue-derived MSCs shorten the consolidation
period of distraction osteogenesis. Stem cells could be used as an effective treatment for bone defects.
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medicineIntroduction
Bone defects generally occur as a result of gunshot
wounds or traffic accidents (1). They can also occur
after open fractures secondary to high-energy trauma,
malignancy and infections. Various methods are used
to treat bone defects. The main treatment techniques
are autogenous spongious bone grafts, free vascular
pedicle bone grafts, demineralized allograft applica-
tion, prosthesis application and distraction osteo-
genesis (2,3). All of these surgical procedures have
disadvantages that restrict their usage. However,
distraction osteogenesis has special importance
because it has the ability to repair large defects,
satisfies the principles of natural bone formation
processes and is known to be autogenous (3).
The major disadvantage of distraction osteo-
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knitting, formation of an un-knit bone, collapse of
the callus, loss of elongation or improper knitting of
the bone (4,5). Various methods have been investi-
gated to enhance the formation of callus and shorten
the duration of consolidation. Commonly used
methods are low-energy ultrasound, electrical stim-
ulation, growth factors, prostaglandin E2, bone
marrow extracts, demineralized bone matrix, bone
morphogenetic protein 7 (osteogenic protein 1) and
transforming growth factor-b (6e14).
Because the outcomes of these treatment
methods are limited or inadequate, to enhance new
bone formation in distraction osteogenesis, mesen-
chymal stromal cells (MSCs) hold great promise in
the area of regenerative medicine (15). However,tics, Izmir Institute of Technology, Faculty of Science, Gulbahce Campus,
ublished by Elsevier Inc. All rights reserved.
Table I. Study groups and animal numbers.
Group Total GFP Stem cell
Differentiated
stem cell
Biomechanical
analysis
Histologic
analysis
Radiologic
analysis
Immunohistochemical
analysis
I (control) 7 0 0 0 3 7 7 7
II (stem cell) 7 7 7 0 3 7 7 7
III (differentiated
stem cell)
7 7 0 7 3 7 7 7
Total 21 14 7 7 9 21 21 21
MSCs in bone injuries 691sources of stem cells are limited, and they have their
own disadvantages. Stem cell isolation from bone
marrow is generally a very painful process that
requires general anesthesia; also, the number of stem
cells acquired is insufficient (16e19). To obtain
MSCs from sources other than the bone marrow,
adult tissues such as muscle, perichondrium and
adipose tissue can also be used (20e23). Adipose
tissue harbors multi-potent stem cells, which reside
within the stromal region and possess developmental
plasticity similar to bone marrow cells (24,25).
Adipose tissue-derived MSCs are more advanta-
geous compared with other MSCs because they can
be easily isolated from the tissue and produced in
large numbers in cell culture and frozen in stem cell
banks without losing their phenotypic and genotypic
characteristics (26). Adipose tissue-derived MSCs
have been shown to be converted into adipose tissue,
muscle, cartilage, neuron and bone cells under
appropriate differentiation conditions (27).
Natural healing of a fracture proceeds from
multi-potent osteoprogenitor cells, which reach the
fractured region and have a multi-potential capacity
to differentiate into osteoblasts (28). The aim of this
study was to analyze the effects of administration of
adipose tissue-derived MSCs and osteogenically
differentiated stem cells on the distraction process.
Methods
Animal care
For this study, 21 adult female New Zealand white
rabbits weighing 2.5e3.5 kg were used (Table I). All
animal experiments undertaken in this study were
performed in accordance with the protocols approved
by the Institutional Animal Care Committee. Rabbits
were anesthetized with intramuscular injection of
ketamine (35 mg/kg) and xylazine chloride (5 mg/kg).
A single dose of cefazolin was also administered as
a prophylactic antibiotic.
Equipment used in animal studies
Distractors were designed specifically for this exper-
iment and were of the Ilizarov type with two rings and
three bars. The external and internal diameters were7.5 and 5.5 cm, respectively, and the thickness of the
rings was 0.5 cm. The total weight of the distractor
was 100 g (see Supplementary Figure 1A) and the
Kirschner wire used in the experiments was 1 mm in
diameter and 30 cm in length.Groups
In this study, 21 rabbits were divided into three
groups—one control and two experimental groups.
In group I (control), the Ilizarov distractor was
mounted on the right tibia of the rabbits, and osteot-
omy was performed. Following a 7-day latent period,
distraction was carried out for 15 days (0.7 mm/day);
a 10-mm distraction was obtained. In group II (MSC
group), 30 mL of adipose tissue were extracted from
both inguinal regions of the rabbits, and adult multi-
potent stem cells were generated. The surfaces of
the resulting cells were labeled by specific markers,
counted byflow cytometry (fluorescence-activated cell
sorter [FACS]) and shown to be MSCs. Next, stem
cells were labeled by green fluorescent protein (GFP)
for histologic follow-up within the distraction envi-
ronment. The circular distractor was mounted on the
right tibia of the rabbits. Within 15 days after
the completion of the distraction period, at the begin-
ning of the consolidationphase, 5 106 adipose tissue-
derived adult stem cells were injected into the smooth
callus area under the field of radiologic imaging. In
group III (osteoblast differentiated MSC group),
stem cells generated as in group II were obtained and
labeled with GFP. GFP-labeled stem cells were then
stimulated to undergo osteogenic differentiation.
Differentiation was confirmed using alizarin red dye,
which stains the calcium deposits, and 5  106
differentiated stem cells were injected into the
smooth callus area within the osteotomy line.Follow-up
After a 7-day latent period, 0.7 mm/day distraction
was applied to all rabbits for 15 days. After the
completion of 10 mm of distraction, all groups were
monitored for 8 weeks. After the completion of
distraction, the rabbits were examined weekly by
x-ray, and elongation and ossification status in the
692 O. Sunay et al.bones were assessed. The animals sacrificed after the
consolidation period were evaluated by histopatho-
logic, biomechanical and radiologic examinations.Surgery and distraction protocol
To obtain adipose tissue, the rabbit was placed in the
supine position on the operating table. After appro-
priate sterilization, prilocaine hydrochloride (Astra-
Zeneca, Istanbul, Turkey) infiltration (1 mg/kg) was
performed. An incision was made combining both
inguinal regions of the rabbit. After elevation of the
skin flaps, the inguinal adipose pads were excised.
After washing with sterile saline, 30 mL of excised
adipose tissue was transferred into a sterile container.
For installation of distractors, the rabbit was
placed in the supine position and covered with
a sterile operating blanket in a position so as to leave
its lower right extremity available. Analgesia and
antibiotic prophylaxis were administered using
a 2-mL infusion of Citanest and cefazolin. The first
1-mm diameter Kirschner wire was placed percuta-
neously and perpendicular to the tibia with 90
degrees with a Dremel (Racine, WI, USA) charged
engine. The second Kirschner wire was also placed
percutaneously and perpendicular to the first wire
and 0.5 cm distal to the first wire (up to distractor
ring thickness). A third Kirschner wire 1.5 cm distal
to the second wire and a fourth Kirschner wire 0.5
cm distal to the third wire were placed percutane-
ously. After placement of the Kirschner wires, the
first Ilizarov ring was placed between the top two
Kirschner wires (see Supplementary Figure 1C).
Rings were placed on the Kirschner wires. Using
spacers and bolt nuts, 0.5-cm diameter screws with
1.5-mm diameter holes on their necks were placed
tightly. Following placement of the Ilizarov rings,
three grooved bars 0.5 cm in diameter and 6 cm long
were placed at equal intervals to fix each ring
together (see Supplementary Figure 1B).
The osteotomy phase started after mounting the
distractor. A 2-cm vertical skin incision was made
from the anteromedial region of the tibia. The peri-
osteum was reached via the medial surface by dis-
secting in between the tibialis cranialis and extensor
digitorum muscles. The periosteum was scratched
and elevated in a preserved condition, and the area
was revealed for the osteotomy. Next, the osteotomy
was performed from the distal region of the tibio-
fibular component (see Supplementary Figure 1D).
The bone was continuously washed with sterile saline
to protect it from the high temperature during osteot-
omy. After completion of the osteotomy, the peri-
osteum and the soft tissues were sutured. A closed
dressing was completed by applying povidone-iodine
and mupirocin pomade. To protect the surgical siteand distractor, after medical dressing, the right lower
extremity of the rabbit was placed into a cotton sack
that was developed for this study (29).MSCs isolation and cultivation
Adipose tissue was obtained from the inguinal area of
the rabbits and placed into two sequential Petri
dishes containing 5 mL phosphate-buffered saline
(2% penicillin and streptomycin). Collagenase type I
(0.075%) was used to isolate MSCs.
For flow cytometry, the antibodies used for
phenotypic characterization of MSCs were anti-
CD45 APC-Cy7 (BD Biosciences Pharmingen, San
Diego, CA, USA), anti-NG2 PE (Beckman Coulter,
Marsellia, France), anti-CD73 PE (BD Biosciences
Pharmingen), anti-CD34 PE-Cy7 (BD Biosciences,
San Diego, CA, USA) and anti-CD105 FITC
(Serotec, Oxford, UK). A BD FACSCanto-II flow
cytometer (BD Biosciences Pharmingen) was used,
and cells were analyzed using BD FACS DiVa soft-
ware (BD Biosciences Pharmingen) as previously
described (30,31).
To track the MSCs in vivo, cells were transfected
with the pEGFP-N1 vector including GFP as the
encoded reported gene (Clontech Laboratories,
Mountain View, CA, USA). Lipid-based transfection
was performed with the PolyFect Transfection
Reagent as described elsewhere (Qiagen, Valencia,
CA, USA) (32).
For osteogenic differentiation of MSCs, after
the third passage of MSCs, an osteogenic supple-
ment (15% osteogenic supplement, 3.5 mmol/L
b-glycerophosphate, 0.01 mmol/L dexamethasone and
50 mg/mL ascorbic acid) was added to MesenCult
MSC Basal Medium (Stem Cell Technologies, Van-
couver, BC, Canada) (33).
To examine the deposition of calcium hydroxy-
apatite in osteogenic differentiated MSCs, cells were
treated with alizarin red as described previously (33).
The injection protocol was as follows: 5 106 stem
cells were suspended in 0.25 mL sterile saline and
were slowly injected into the distraction area for 1 min
using a 26-gauge needle (see supplementary Figure 2).
After the injection, the needle was kept inside the area
for 1 min to prevent leakage of the sample.Radiologic observation and analysis
Samples were visualized using a high-resolution
digital radiography system (Philips Digital Diagnost;
Philips Medical Systems, Seattle, WA, USA).
Imaging was standardized from a distance of 110 cm
using 66 kV, 1.82 msn, 1.20 mAs and X1 magnifi-
cation. The density of the distraction area containing
the newly formed bone was determined, and scoring
MSCs in bone injuries 693was performed using the modified Lane and Sandhu
scoring system.Biomechanical analysis
After completion of the radiologic analyses, three
animals from each group were randomly chosen and
sacrificed in week 8. The distraction area was cooled
with sterile saline provided 2 cm from its proximal
and distal regions and cut with a high-speed electric
cutter. For the biomechanical studies, the 3-point
bending test was applied (AG-I 10 kN, Shimadzu,
Japan). After fixation of the bottom apparatus at
a distance of 30 mm, the bone samples were placed
into the region where the distracted area was
centered into the top apparatus. The bending
test was carried out by pressing at the samples at
1 mm/min. Fracture strength was determined as the
maximum load sustained by each bone.Histologic observation and histomorphometric analysis
The samples were numbered and fixed using 10%
formaldehyde at room temperature for 24e48 h.
The tibias were placed into Morse solution for de-
calcification. The Morse solution was prepared by
mixing 10% buffered formalin and 20% formic acid.
After the staining procedures, samples were exam-
ined using light microscopy. A DX51 fluorescent
microscope (Olympus, Center Valley, PA, USA) was
used for histologic analyses. Osteocytes, osteoblasts,
osteoclasts, fibroblasts and chondrocytes were
counted per square millimeter in six different areas
using iron hematoxylin preparations (34,35). In the
histopathologic examinations, images taken under
1 magnification using a light microscope were
transferred to the computer using a color digital
DC70 video camera (Olympus). For visualization,
Image-Pro Plus software (Media Cybernetics,
Rockville, MD, USA) was used. The areas of the
newly formed trabecular and cartilage regions were
calculated in a digital environment (ImageTool 3.0
software, UTHSCA, San Antonio, TX, USA). To
observe emission of the GFP-labeled cells, samples
from group II and group III were analyzed using
a fluorescent microscope. Cells positive for osteo-
calcin and osteopontin were counted per square
millimeter in six different areas in the samples
prepared by immunohistochemical staining (36).Statistical analysis
The results of the radiologic and biomechanical
analyses and the histomorphometric measurements
obtained from the operated rabbits in the study were
analyzed using the SPSS 15.0 (IBM, Armonk, NY,USA) statistical program for Windows using the
Mann-Whitney U test. Data are shown as mean
(standard deviation).Results
Clinical evaluation
All the animals tolerated the distractor and easily
reached food and water. Postoperative edema and
hyperemia occurred in three rabbits, which regressed
within 1 week. One rabbit in group III developed
lower extremity paralysis after the extraction of
adipose tissue. This rabbit was considered to be
invalid and replaced with an alternative one, and the
study was completed with 21 rabbits.Isolation, differentiation, characterization and GFP
transfection of MSCs
MSCs were successfully isolated from the adipose
tissue of New Zealand rabbits (see Supplementary
Figure 3A) and labeled with GFP to track the MSCs
in vivo (see Supplementary Figure 3B). Differentia-
tion of MSCs, obtained from the animals in group
III, into osteoblasts was assessed by alizarin red
staining as shown in Supplementary Figure 3C. To
prove that the isolated cells were MSCs, flow
cytometry analysis was conducted with antibodies
specific for MSCs (CD73, CD105 and NG2) and
hematopoietic stem cells (CD34 and CD45). Flow
cytometry analyses revealed that CD73, CD105 and
NG2 specific for MSCs were 99% positive
(Figure 1A,B,D), whereas the markers specific for
hematopoietic stem cells, CD34 and CD45, were
negative (Figure 1C,D) in isolated MSCs.Radiologic observation and analysis
The radiologic imaging results of the rabbits imme-
diately after the completion of the latent period (at
the beginning of the consolidation phase) and the
radiologic images taken in weeks 4 and 8 of the
consolidation period were compared. In two rabbits
belonging to group III, which received osteogenically
differentiated MSCs, the distraction field was
observed to be filled in with callus to approximately
100% (Figure 2). This ratio was found to be lower in
group II, which received the undifferentiated MSCs.
When compared with the differentiated stem cell
group, the fibrous inter-zone was less ossified and
less mineralized in the control group and stem cell
group, and filling in the form of bridge was less in the
woven bone (Figure 2). Callus tissues in the control
group were significantly radiolucent; this can be
explained by less mineralization. In addition,
Figure 1. (AeD) Expression levels of MSC-specific CD105, CD73 and NG2 (A, B, D) and hematopoietic specific CD34 and CD45 (C, D)
markers.
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insufficient, and callus occupancy rates were much
lower. For the evaluation of the radiographic images
of the animals, the modified Lane and Sandhu
scoring system was used (37,38,52,53). The scores in
each group and the occupancy rate of the distraction
field with the callus tissue were compared.Figure 2. Radiologic analyses of bone formation for groups I, II and IIILane and Sandhu scores in groups I, II and III
were 4.571, 5.14 and 6.14, respectively (Figure 3A).
Following the binary comparison of each group with
other groups, the difference between group I and
group II (P ¼ 0.044) and group I and group III
(P ¼ 0.011) was found to be statistically significant.
However, the difference between group II and group.
Figure 3. (A) Radiologic scores by Lane and Sandhu scoring, (B) radiologic areas of distraction and callus in square millimeters and (C)
3-point bending test results.
MSCs in bone injuries 695III was statistically insignificant (P ¼ 0.084).
Following radiologic evaluation of the rabbits, the
ratios of the ossified callus occupying the distraction
field were observed to be 66.7, 74.1 and 88.5 in
groups I, II and III, respectively (Figure 3B). In the
statistical comparison, the difference between group I
andgroup IIwas insignificant (P¼0.18).However, the
difference between group I and group III (P ¼ 0.002)
and group II and group III (P¼ 0.047) was statistically
significant.Biomechanical evaluation and analysis
Following the comparison of the results obtained
from the 3-point bending test used for biomechanical
evaluation, the highest scores were observed in group
III (Figure 3C). The mean values of groups I, II
and III were confirmed to be 344.1 N/mm2, 433.3
N/mm2 and 526.9 N/mm2, respectively (Figure 3C).
Using the Kruskal-Wallis test, which was applied for
the evaluation of the differences between groups, the
significance was P ¼ 0.027. The difference in this
evaluation was statistically significant.Histopathologic results
Fracture healing and callus formation depend on
several factors, such as the formation of a less trau-
matic fracture, the absence of free fragments, and the
quality and angle of the fixation (39). Because the
fracture in our study occurred as the result of
a minor trauma, sections derived from the fracture
line were not observed to contain any free fragments.
The broken ends of the bone showed hypercellular
fibroblastic activity, and the characteristic bonemodels were represented by hyaline cartilage islands
at vascularized medullary sites (34).
Following the analyses of the cross-sections
belonging to group I, endochondral ossification
emerging from the fracture line was observed, and
trabecula formation was detected at a low rate. Most
of the callus tissue was observed to consist of
multicellular (regenerative) connective tissue, and
cartilage areas between cells were encountered in
abundance (Figure 4A,B) (34,35).
On examination of the sections belonging to
group II, secondary ossification was shown to have
occurred at a higher rate compared with group I, and
a decline in the ratio of the connective tissue was
found. Growth of the trabecular structure and its
tendency to develop a regular network was observed.
Most of the callus tissue was shown to be composed
of trabecular bone and cartilage tissue islets
(Figure 4C,D) (35).
Following examination of the cross-sections from
group III, ossification starting from the fracture line
was shown to have progressed at a much higher rate
compared with group I and II, and a significant
decrease in the connective tissue ratio was detected.
Augmentation of a regular trabecular structure was
observed, and most of the callus tissue was discov-
ered to be composed of trabeculae and cartilage
tissue (Figure 4E,F) (34,35).
On analysis of the GFP-labeled cells in group II
and group III by fluorescent microscopy, the 8-week-
long consolidation period and the Morse solution
used for de-calcification of the bone at the end of
this period were not shown to have a negative effect on
the fluorescent emission. GFP-marked cells were
found to be alive and emitting signal, and their
Figure 4. Histopathologic results of group I (A, B), group II (C, D) and group III (E, F) by hematoxylin and eosin staining. (A) Group I.
Osteon (black arrow), haversian canal (yellow arrow), cartilage focal points (blue arrow), cartilage areas (dotted area), hypercellular
connective tissue (green arrow). (B) Group I. Left, Hypercellular connective tissue containing abundant numbers of fibroblasts. Right, Islets
of cartilage tissue in the bone network. Osteoblast (black arrow), cartilage focal points (blue arrow), osteocyte (yellow arrow), fibroblast in the
connective tissue (green arrow). (C) Group II. Two cortical bone fractures and medulla in between these fractures are observed in the lower
right and left. These two points continue with a considerably tight, web-like trabecular bone network. Tip of the fracture (black arrow),
fracture line (blue arrow), newly forming trabecula (green arrow), bone marrow (red arrow), hypercellular connective tissue (white arrow).
(D) Group II. Newly forming trabeculae (black arrow), cartilage transition (green arrow), connective tissue (blue arrow), bone marrow
(white arrow). (Masson’s trichrome and hematoxylin and eosin.) (E) Group III. Newly forming trabecular bone tissue (black arrow),
cartilage tissue (red arrow), hypercellular connective tissue (white arrow), bone marrow (blue arrow). (F) Group III. Osteocyte (black
arrow), chondrocyte (red arrow), osteoblast (blue arrow), osteoclast (yellow arrow), fibroblast (green arrow).
696 O. Sunay et al.integration into the bone and cartilage and homing in
to the callus tissue was found to enhance the recovery
period.
A portion of the stem cells that were applied into
the fracture line in group II was observed to be
undifferentiated, whereas another portion was shown
to be differentiated into non-osteogenic cells such as
fibroblasts (Figure 5A,B). In group III, most cells
that had differentiated into osteocytes were observed
to be involved in bone repair (Figure 5CE).Histologic digital evaluation
When the average number of osteocytes and chon-
drocytes in square millimeters was analyzed, there
was a significant increase numerically and statisticallyin group II and group III compared with group I
(P ¼ 0.0001 and P ¼ 0.0002, respectively,
Figure 6A). When the number of osteoblasts was
analyzed, the highest value was in group III as the
average number of osteocytes in square millimeters,
and although there was no significant difference
between group I and group II (P ¼ 0.9), there was
a statistically significant difference between group I
and group III (P ¼ 0.0001). The highest average
fibroblast value showed the lowest ossification, and
as expected, the highest fibroblast values were in
group I. There was a statistically significant decrease
in the number of fibroblasts in group II and group III
compared with group I (P ¼ 0.0002 and P ¼ 0.0009,
respectively). The highest average osteoclast values
were in group I, and a statistically significant increase
Figure 5. Presence of GFP in regenerated bone in groups II and III. (A) Group II. GFP-labeled and emitting fibroblasts and osteocytes. (B)
Group II. GFP-labeled, undifferentiated stem cells. (C) Group III. Two different images taken from the same area. GFP-emitting osteocytes
(red arrow), non-emitting chondrocytes (yellow arrow), non-emitting bone marrow cells (blue arrow). (Upper left, hematoxylin and eosin.)
(D) Group III. GFP-labeled and emitting osteocytes (blue arrow). (E) Group III. Group that received differentiated stem cells. GFP-
emitting osteocytes (yellow arrow), non-emitting fibroblasts (red arrow). (Upper right, hematoxylin and eosin.)
MSCs in bone injuries 697was reported compared with group II and group III
(P ¼ 0.011 and P ¼ 0.005, respectively). Conse-
quently, cellular count analysis explains staging
differences in healing between the groups.
Looking at the new ossifying average area ratios
in square millimeters, highest ossification was in
group III (61%, Figure 6B). This ratio is statistically
significant compared with group I and group II (P ¼
0.002 and P ¼ 0.002, respectively). The highest
percentage of cartilage was measured in group III
(30%), and this mean value is statistically significant
compared with group I and group II (P ¼ 0.002 and
P ¼ 0.002, respectively).
Immunohistochemical evaluations
Osteoblasts synthesizing osteocalcin and osteopontin
were labeled and shown by immunohistochemical
staining in the prepared sections (36,41). The
number of cells staining positive for osteocalcin,
which is considered specific for ossification, was
found to be 24, 31 and 37 in groups I, II and III,
respectively (Figure 7A). Following statistical anal-
ysis, a significant increase was observed in group IIand group III compared with group I (P ¼ 0.0001
and P ¼ 0.0002, respectively). The number of
osteopontin-positive cells in groups I, II and III was
determined to be 20, 25 and 34, respectively.
Following the statistical comparison of the results,
group II and group III were observed to have signif-
icantly more osteopontin-positive cells compared
with group I (P ¼ 0.0001 and P ¼ 0.0002, respec-
tively) (Figure 7A). The number of positive stained
cells was found to be higher in group II (Figure 7D,E)
and group III (Figure 7F,G) compared with group I
(Figure 7B,C). This increase explains the reason for
the high rate of ossification in groups II and III
(Figure 7).Discussion
Distraction osteogenesis, without the need of bone
graft, provides simultaneous correction of the
deformity by supplying force on the deformity during
the treatment period and allows for new bone
formation (42,43). Ilizarov (44) stated the impor-
tance of the stability of the frame that is placed for the
Figure 6. (A) Cell populations of osteocytes, osteoblasts, chon-
drocytes, fibroblasts and osteoclasts. (B) Bone and cartilage areas
of groups I, II and III.
698 O. Sunay et al.process of bone healing. The circular external fixator,
when properly applied, stabilizes the bone fragments
in all planes. However, it also allows for axial micro-
movements that stimulate osteogenesis. In our study,
it was shown that the fixation system, composed of
three bars, two coils and four pieces of Kirschner
wire, allowed sufficient fixation in all subjects against
the strong leg movements of the rabbits.
Distraction rate and rhythm are known to be very
important in the maintenance of sufficient elongation
(43,44). Li et al. (45) demonstrated that distraction
carried out with rabbits at a speed of 0.7 mm/day is
the optimal rate for cell proliferation and bone
formation. In our study, we achieved successful
results using the same speed and rhythm, and there
was no premature union or non-union in any subjects.
Distraction osteogenesis has significant impor-
tance in bone regeneration with its unique
improvement mechanism. However, it can lead to
undesirable outcomes, such as a long consolidation
period and re-fractures that may occur during this
period (approximately 1e2 months for each exten-
sion of 1 cm) (9,46), pin loosening, collapse of callus,
loss of elongation, malunion, non-union and infec-
tion (4,9,46e48). Many studies have investigated
how to stimulate the consolidation process and to
increase bone formation. As the desired success has
not been achieved in studies using growth factors, the
importance of stem cells in bone regeneration has
gained significance (15).
Adipose tissue-derived MSCs have significant
therapeutic potential in various diseases. They candifferentiate into various connective tissue lineages,
including cartilage, tendon and bone (49). In the
literature, there are many studies of distraction
osteogenesis using bone marrow-derived MSCs
(42,46). However, the process of bone marrow
extraction is inconvenient, and the number of ob-
tained cells is insufficient. Also, cells that are
repeatedly passaged to increase their number tend to
become cancerous (50). Adipose tissue-derived
MSCs are much greater in number and can be ob-
tained easily with low donor site morbidity compared
with bone marrow-derived MSCs (22). These char-
acteristics of adipose tissue-derived MSCs allow
them to be used in tissue engineering (51).
Kinoshita et al. (52) stated that it is vital to
determine if the stem cells applied to the distracted
area participate in new bone formation. In our study,
we transfected MSCs with a GFP plasmid to observe
if the MSCs contribute to the new bone formation and
to identify the viability of the MSCs. After the 8-week
consolidation period, the obtained bone samples were
decalcified using ethylenediaminetetraacetic acid
solution. On delayed de-calcification of the bone using
ethylenediaminetetraacetic acid solution, 20% formic
acid was used for de-calcification. It was observed that
both methods had no negative effect on the emission
of the cells under the fluorescent microscope.
In this study, bone regeneration was examined
through radiologic, biomechanical and histopatho-
logic approaches in three groups of New Zealand
rabbits. For the radiologic evaluation of the newly
formed bone in the distraction area, the most
commonly used method in the literature for radio-
logic evaluations, the modified Lane and Sandhu
scoring system, was used (52,53). In this scoring
system, bone occupancy rates, proximal and distal
unions, medullary canal formation and cortex
formation are of special importance. In the evalua-
tions undertaken using this scoring system, the
highest bone occupancy rates were observed in
group III compared with the other groups. The
bone occupancy rates in two rabbits in group III
reached 100%. This percentage was found to be
lower in group II. Callus ossification was found
significantly less in stem cell groups in group I.
Medullary canal formation or full-fledged organi-
zation of the cortex was not determined in any of the
rabbits because an 8-week waiting period is an
insufficient time for the formation of medullary
canal and cortex. Following the examination of the
radiographs of the rabbits in our study, callus
formation in the injected area was found to be more
significant compared with other regions in three
rabbits in group III. These findings support the idea
that administration of osteogenic stem cells to callus
area accelerate healing of bone.
Figure 7. (A) Osteocalcin and osteopontin positive (þ) and negative () areas in three groups. (B) Group I. Osteocalcin (þ) cell (black
arrow), osteocalcin () cell (blue arrow). (C) Group I. Osteopontin (þ) cells (black arrow), osteopontin () cells (blue arrow). (D) Group II.
Osteocalcin (þ) cells (black arrow), osteocalcin () cells (blue arrow). (E) Group II. Osteopontin (þ) cells (black arrow), osteopontin ()
cells (blue arrow). (F) Group III. Osteocalcin (þ) cells (black arrow), osteocalcin () cells (blue arrow). (G) Group III. Osteopontin (þ)
cells (black arrow), osteopontin () cells (blue arrow).
MSCs in bone injuries 699For biomechanical evaluations, 3 cm of bone
tissue were extracted from the tibia of the rabbits by
positioning the distracted region at the center. The
extracted tissue was cleared away from the soft
tissues and delivered to the biomechanical laboratory
on sterile saline-soaked cotton. The results obtained
from the device pressing at a speed of 1 mm/min
were transferred to the computer. Analysis of the
results showed the highest scores were obtained in
group III.
On histopathologic examinations in our study,
a large proportion of the bone trabeculae were
observed to be stretching parallel to the direction of
distraction. Osteocytes were observed within the
forming trabeculae, and osteoblasts were detectedaround the trabeculae (34,40,52). The lamellar
structure was determined to be more sparse and
irregular in group I and group II compared with
group III. On examination of the histologic prepa-
rations, no floating fragments that could occur
secondary to osteotomy were observed in the fracture
region. These fragments were prevented because
osteotomy was carried out using a low-speed motor
and the osteotomy area was washed with sterile saline
after the surgery. In addition, the area was continu-
ously cooled during the osteotomy process; necrotic
areas that could form owing to high temperature
were not encountered. Capillary structures that
increased secondary to distraction osteogenesis were
observed within the haversian canals. In addition,
700 O. Sunay et al.small numbers of large and small vessels were found
in a large proportion of these materials. On analysis
of the tissues using Masson’s trichrome stain, the
general appearance was observed to contain irregular
connective tissue fibrils. Intense collagen deposition
was also observed within these regions, and osteo-
cytes were present in between the collagen fibrils.
The amount of osteoid structure was found to be
higher in group III compared with the other groups.
Properties such as a lack of lamellar structure,
incomplete formation of osteon structure and non-
homogeneous dispersion of collagen fibrils show the
dominance of intramembranous-type ossification in
our study. On examination of group II and group III
using the fluorescent microscope, injected stem cells
were observed to be emitting a GFP signal, and the
viability of MSCs applied into the distraction area
was confirmed. Fluorescent and light microscopic
examination of the same region in group III showed
the GFP-emitting cells to be mainly osteocytes, and
a few osteoblasts were also detected. On fluorescent
microscopic examination of the cells in group II, the
GFP-emitting cells were observed to represent
virtually all cell types found in the distraction area
(osteocytes, osteoblasts, chondrocytes, fibroblasts
and progenitor cells). As a result of this significant
finding, it can be stated that instead of injecting only
MSCs into the defective area, administration of
osteogenically differentiated MSCs into the fracture
region can contribute directly to bone healing.
On comparison of the average number of fibro-
blasts and osteoclasts per square millimeter, a signif-
icant decrease was observed in group I compared
with groups II and III. The reduction in the number
of fibroblasts likely occurred as a result of a change in
the connective tissue into cartilage and bone tissue.
The ossification process is characterized by an
increase in the number of osteocytes, osteoblasts and
chondrocytes and a decline in the number of fibro-
blasts and osteoclasts. The highest osteocyte and
osteoblast values were observed in group III.
Examination of the bone and cartilage area ratios
shows that an increase in the bone-to-cartilage ratio
provides a comparison of cartilage areas secondary to
endochondral ossification. With this parameter, the
high rate of ossification seen in group III seems to
support the positive effects of differentiated MSCs on
bone formation. The numbers of cells staining posi-
tive for osteocalcin and osteopontin, which are
specific markers of ossification, were found to be
significantly higher in group II and group III
compared with group I. All of the histopathologic
examinations showed osteoblastic activity to be
increased in group II; however, this increase was
lower than in group III. In all histopathologic exam-
inations and area measurements made to determinethe degree of fracture healing, the highest scores were
observed in group III, which received the calcium-
storing, cytokine-secreting osteoblast-like cells.
In conclusion, the current findings showed that
adipose tissue-derived, osteogenically differentiated
MSCs accommodate the distraction process, and
a large proportion of the stem cells applied into the
distraction area remain viable and integrate into the
bone formation process. As non-differentiated stem
cells in group II differentiated into several cell types
in vivo, their contribution to fracture healing was
found to be lower compared with group III. As
a result of the contributions made by osteogenic stem
cells to fracture healing, it could be stated that the
consolidation period of distraction osteogenesis
could be shortened, and the fracture healing process
could be accelerated using these stem cells.Acknowledgments
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